Whereas the reaction of 1,4-bis(2-bromoethyloxy)benzene (4) with paraformaldehyde in the presence of BF 3 ·Et 2 O afforded exclusively the cyclopentameric pillar[5]arene derivative (5), both cyclopenta-and cyclohexameric macrocycles 5 and 6 were obtained when the reaction of 4 with paraformaldehyde was performed at 45°C in CHCl 3 with FeCl 3 as the catalyst. Treatment of compounds 4-6 with sodium azide provided the corresponding polyazides, to which a cyanobiphenyl building block was subsequently grafted to generate model compound 1, pillar[5]arene 2, and pillar[6]arene 3, bearing two,
Introduction
One important aspect of modern chemistry is the synthesis of complex nanomolecules that exhibit specific properties for applications in materials science and biology. [1] It is clear that synthetic chemistry has played a major role in the recent advances of nanosciences and nanomedicine. [1] However, the preparation of complex nanostructures combining the required functional groups often remains difficult and requires a large number of synthetic steps, limiting both their accessibility and applicability. In this light, the design of versatile nanoscaffolds allowing for the grafting [ ten and twelve mesomorphic subunits, respectively. The liquid-crystalline and thermal properties of the compounds were investigated by polarized optical microscopy (POM), differential scanning calorimetry (DSC), and X-ray diffraction (XRD). Comparison of the liquid-crystalline properties of macrocycles 2 and 3 with those of 1 revealed the strong influence of the macrocyclic pillar[n]arene core on the mesomorphic properties. Whereas only a monotropic mesophase was observed for 1, a broad enantiotropic mesophase was evidenced for both pillar[n]arene derivatives.
of one or more molecular entities to easily generate sophisticated nanomolecules has attracted enormous interest. [2] [3] [4] [5] The recent development of efficient synthetic tools, namely the so-called 'click' reactions, [6] greatly facilitated the emergence of this field. As part of this research, we recently became interested in the use of a pillar [5] arene core as a nanoscaffold for the preparation of nanomaterials with a controlled distribution of functional groups on the macrocyclic framework. [7] Pillar [5] arenes are unique tubular-shaped compounds composed of 1,4-disubstituted hydroquinone subunits linked by methylene bridges in their 2,5-positions. [8] [9] They are conveniently prepared from 1,4-dialkoxybenzene derivatives and paraformaldehyde in the presence of a Lewis acid catalyst. [10] Owing to the reversibility of the Friedel-Crafts reaction, the cyclooligomerization is thermodynamically driven, thus allowing pillar [5] arenes to be obtained in high yields. [11] The reaction conditions are, however, not compatible with a large variety of functional groups and the direct synthesis of pillar [5] arenes bearing sophisticated substituents is often not possible. The cyclization reaction is also sensitive to steric effects, and the presence of large substituents on the starting 1,4-dialkoxybenzene considerably lowers the yields. [10] This major problem was addressed by producing readily accessible pillar [5] arene derivatives bearing ten terminal groups, allowing their further functionalization to generate structurally more complex systems. [7, 12] For example, we have developed a pillar- [5] arene building block bearing ten peripheral azide func-tions and shown that the copper-mediated Huisgen 1,3-dipolar cycloaddition of azides and alkynes resulting in 1,2,3-triazoles is an ideal tool with which to efficiently produce functionalized pillar [5] arenes. [7] This building block was decorated with cyanobiphenyl moieties, thus providing the first example of a liquid-crystalline pillar [5] arene (compound 2). [7] Importantly, comparison of its mesomorphic properties with those of model compound 1 revealed a dramatic influence of the pillar [5] arene core. Indeed, whereas only a monotropic mesophase was observed for 1, a broad enantiotropic mesophase was evidenced by linking together five linear subunits through the central macrocyclic pillar- [5] arene core in 2. Clearly, the macrocyclic core unit is capable of providing orientational and/or positional disorder within the smectic layers to prevent crystallization but also intermolecular π-π interactions between neighboring cores to stabilize the lamellar phase. An important question remains open however: Is this a general macrocyclic effect or does it result from the peculiar fivefold symmetry [13] of the pillar [5] arene core? To answer to this question, we now report a full account on this work, including the preparation of the corresponding sixfold symmetrical pillar [6] arene derivative 3.
Results and Discussion

Synthesis
As shown in Scheme 1, pillar [5] arene derivative 5 was obtained from compound 4. Treatment of 4 and paraformaldehyde with BF 3 ·Et 2 O in 1,2-dichloroethane gave pillar- [5] arene 5 in 40 % yield. [14] Under these conditions, no trace of the corresponding pillar [6] arene derivative 6 could be detected.
Our initial attempts to prepare compound 6 from 4 under the conditions recently reported for the preferential preparation of pillar [6] arenes [15] (FeCl 3 /CHCl 3 ) gave, at best, pillar [5] arene 5, but no trace of the corresponding pillar [6] thus systematically investigated in the particular case of starting material 4. FeCl 3 and CHCl 3 appeared to be suitable, but both the temperature and the reaction time played an important role in the outcome of the reaction. The highest yields in pillar [6] arene were obtained when the reaction mixture was stirred for more than 3 d at temperatures higher than 45°C. Furthermore, it was also noticed that the use of an excess of paraformaldehyde favored the formation of the cyclohexamer. Under optimized conditions, the reaction of 4 (1 equiv.) with a large excess of paraformaldehyde (5 equiv.) in the presence of FeCl 3 (0.2 equiv.) in CHCl 3 at 45°C for 3 d gave both 5 and 6. After work-up, compounds 5 and 6 were conveniently separated by column chromatography on SiO 2 and were isolated in 15 and 30 % yield, respectively. The 1 H and 13 C NMR spectra of 5 and 6 are similar, but mass spectrometry provided definitive structural assignments.
For compound 6, crystals suitable for X-ray crystal structure analysis were obtained by slow diffusion of hexane into a CHCl 3 /PhCN (2:1) solution of 6. As shown in Figure 1 , 6 has a hexagon-like cyclic structure with two benzonitrile molecules included in its cavity. Interestingly, the relative orientation of the two PhCN molecules located in the same macrocycle is not antiparallel. The dipole moment thus generated may play an important role in the supramolecular organization within the crystal lattice (see above). The average bond angle for the methylene bridge in 6 is 114.2°, and differs significantly from both the ideal 109.5°angle for sp 3 hybridized carbons and the theoretical 120°internal angle for an unstrained hexagon. As a result, all the six aromatic subunits of 6 are slightly bent by about 1.6 to 4.2°. To further accommodate the strain across the methylene bridges, the six CH 2 moieties are not located in the same plane. Indeed, a deviation of 0.395 and 0.513 Å is observed for two methylene centers from the plane encompassing the four other centers. With its D 6 -symmetrical structure, compound 6 is chiral and crystallizes as a racemate. Close inspection of the packing down the crystallographic a axis reveals alternating layers of both enantiomers (Figure 1, b) . Layers a-b are related to the aЈ-bЈ layers by a crystallo-graphic glide plane. The macrocycles are not oriented parallel to these planes but are significantly tilted. In this way, the PhCN molecules within one layer are oriented antiparallel with respect to the PhCN molecules of the neighboring layer. It is thus believed that the tilt of the pillar [6] arene cores results from interlayer dipole-dipole interactions. Within the layers, it can be noted that the pillar [6] arene molecules are organized in a hexagonal lattice (Figure 1, c) . Even though the tilted orientation of the macrocycles prevents optimal overlap of the aromatic subunits, the establishment of notable intermolecular π-π interactions between neighboring macrocycles is clearly observed. The clickable pillar [5] -and pillar [6] arene building blocks 7 [16] and 8 were obtained by reaction of 5 and 6, respectively, with sodium azide in N,N-dimethylformamide (DMF) at room temperature (Scheme 1). Similarly, treatment of 4 with NaN 3 afforded 9, the precursor of 1. Owing to the high number of azide residues, compounds 7-9 were handled with special care: upon evaporation, these polyazides were not dried under high vacuum and the use of metallic spatula was strictly avoided. Furthermore, these compounds were always prepared on small scales (Ͻ500 mg).
The functionalization of 7 and 8 with terminal alkynes under the typical copper-catalyzed alkyne-azide cycloaddition (CuAAC) conditions used for the functionalization of multi-azide cores [3] (CuSO 4 ·5H 2 O, sodium ascorbate, CH 2 Cl 2 /H 2 O) was first attempted from commercially available alkynes 10a-b (Scheme 2). The clicked derivatives 11a-b and 12a-b were obtained in good yields. The structures of compounds 11a-b and 12a-b were confirmed by their 1 H and 13 C NMR spectra as well as by mass spectrometry. Inspection of the 1 H NMR spectra indicates the disappearance of the CH 2 azide signal at δ = 3.67-3.50 ppm (see the Supporting Information). IR data also confirmed that no azide residues (2089 cm -1 ) remain in the final products (see the Supporting Information). Importantly, the 1 H NMR spectra of 11a-b and 12a-b show the typical singlet of the 1,2,3-triazole unit at δ = 7.8-7.9 ppm (see the Supporting Information). The reaction conditions used for the preparation of 11a-b and 12a-b were then applied to the mesomorphic subunit 15 (Scheme 3). Compound 15 was prepared by esterifica-tion of 6-heptynoic acid (14) with alcohol 13 using 4-(dimethylamino)pyridinium p-toluenesulfonate (DPTS) and N,NЈ-dicyclohexylcarbodiimide (DCC). A mixture of 7 (1 equiv.), 15 (11 equiv.), CuSO 4 ·5H 2 O (0.1 equiv.) and sodium ascorbate (0.3 equiv.) in CH 2 Cl 2 /H 2 O (1:1) was vigorously stirred at room temperature for 24 h. After work-up and purification by column chromatography on SiO 2 followed by gel permeation chromatography (Biobeads SX-1, CH 2 Cl 2 ), 2 was obtained in 81 % yield. Similarly, reaction of polyazide 8 with alkyne 15 gave pillar [6] arene derivative 3 in 90 % yield. Finally, model compound 1 was obtained in 91 % yield from 9 and 15. The structures of compounds 1-3 were confirmed by IR, 1 H and 13 C NMR spectroscopy, and by mass spectrometry. For all these compounds, the 1 H NMR spectra revealed one set of signals for the peripheral mesogenic moieties thus showing that they are all equivalent, in agreement with the symmetrical structures of compounds 1-3 (see the Supporting Information). 
Liquid-Crystalline Properties
The liquid-crystalline and thermal properties of compounds 1-3 and 15 were investigated by polarized optical microscopy (POM), differential scanning calorimetry (DSC), and X-ray diffraction (XRD). Their thermal properties are summarized in Table 1 .
On heating, model compound 1 melted at 145°C from the crystalline state into the isotropic liquid. The formation of a monotropic smectic A phase (focal-conic fan texture, see the Supporting Information) was observed during the cooling run followed by crystallization of the sample. In contrast, the corresponding monomer 15 gave rise to an enantiotropic behavior with the observation of smectic A (114-156°C) and nematic (156-158°C) phases. Comparison of the thermal behavior of 1 and 15 reveals interesting features. Model compound 1 was isolated in a crystalline form, suggesting favorable intermolecular π-π interactions between the central aromatic parts of neighboring molecules. As a consequence of the strong intermolecular π-π interactions, the crystalline phase is stabilized and only a monotropic mesophase could form. By linking together five or six linear subunits through a central macrocyclic pillar[n]arene core, the liquid-crystalline properties changed dramatically. Indeed, pillar[n]arene derivatives 2 and 3 gave rise to a broad enantiotropic smectic A phase (focal-conic fan texture and homeotropic areas, see the Supporting Information). Moreover, both 2 and 3 were obtained as glassy products and not as crystalline solids. Clearly, when compared with model compound 1, crystallization is prevented by the macrocyclic structures linking the linear dimeric substructures. At the same time, the broad enantiotropic mesophases observed for 2 and 3 show that the macrocyclic core plays an important role regardless of its shape, i.e., pentagonal vs. hexagonal. It appears that the observed effect is not related to the fivefold symmetry of the central scaffold but is a general macrocyclic effect. [17] To gain further understanding of this effect, high-temperature XRD measurements were carried out on the mesophases of cyclopentameric (2) and cyclohexameric (3) compounds and of precursor 15. A full angular range 2θ = 1-40°was recorded and, for comparative purposes, the experiments were carried out in the three cases at the same temperature (130°C). XRD measurements of the mesophase of 1 could not be performed due to its monotropic character and tendency to crystallize.
The X-ray patterns of the three compounds are consistent with a smectic A phase, as they contain a small-angle sharp maximum and a large-angle diffuse band. The sharp maximum is related to the layer order and from its angular position it is possible to deduce the interlayer spacing by using Bragg's law. The diffuse band arises from the lateral interferences between conformationally disordered hydrocarbon chains and denotes the absence of positional order of the mesogenic units within the layers. Table 2 collects the spacing deduced from the XRD experiments for each compound. For 15, the experimental value (50 Å) is larger than the molecule length estimated from stereomodels for a fully-extended conformation (45 Å; Figure 2 , a). A segment of 21 Å of that length corresponds to the rigid mesogenic unit and 24 Å corresponds to the hydrocarbon chains. However, the hydrocarbon chains are known not to be in their most-extended conformation in the mesomorphic state, and therefore the actual length of the molecule must be shorter than the theoretical value of 45 Å. To account for the experimental value of 50 Å, the molecules must adopt some kind of bilayer arrangement. This can be achieved if the molecules in the smectic layers adopt an alternating antiparallel orientation, so that the aliphatic regions are interpenetrated (Figure 2, a) . It is probable that additional interdigitation takes place between adjacent layers due to the dipole-dipole interactions between the terminal cyano groups, a phenomenon described previously.
[18] For compounds 2 and 3, the experimentally-measured spacing was 28 Å. This value is too low for the layer thickness, taking into account that these molecules are much longer than molecules of 15. Indeed the molecule length estimated with stereomodels for the fully-extended conformation of 2 and 3 is about 100 Å (Figure 2, b) . Two conclusions arise from these results: (i) it is clear that some kind of interdigitation between molecules in neighboring layers takes place and that this reduces the effective layer thickness; (ii) the small-angle X-ray maximum corresponds to the second order layer reflection and thus the actual layer thickness is twice the value directly deduced from Bragg's law, that is 56 Å. This behavior in XRD has been previously reported and is related to the existence of some peculiarities in the supramolecular arrangement (see below).
Interdigitation in the mesophases of 2 and 3 must be a consequence of the particular molecular features of these mesomorphic compounds, in which the macrocyclic structure must provide a large space to accommodate the mesogenic units of the upper and lower layers. Considering that the mesogenic units in the pillar[n]arenes are able to mutually interpenetrate as described above for compound 15, a fully-interdigitated structure can be proposed for the smectic layers of 2 and 3. This high degree of interdigitation means that the mesogenic units of one particular layer are interpenetrated beyond the mesogenic units of the adjacent layer and are embedded in the aliphatic region of this adjacent layer (Figure 2, b) .
The effective layer thickness estimated for the proposed structure can be as short as 58 Å (the molecule length, 100 Å, less twice the mesogenic unit length, 21 Å). Considering an additional shortening due to the conformational freedom of the aliphatic chains, which would reduce the effective periodicity to 56 Å, this is consistent with the observation of the second order reflection at 28 Å. The absence of the first order reflection may be related to the existence of a modulation of the electron density wave with a period equal to half the layer periodicity. Indeed, in the structure proposed for the smectic A phase of 2 and 3, there are two maxima of the electron density along the normal to the layers, one of which corresponds to the macrocycles and the second corresponding to the interdigitated mesogenic units. The two regions are mutually spaced by half the full layer thickness. The same phenomenon has been described for side-chain polymers [19] and dendritic systems [20] with liquid crystal properties and is accounted for by the confinement of the polymer backbones or dendritic cores in a thin sublayer, thus producing an electron density maximum comparable to that of the mesogenic units. It is interesting to note that no differences are found between the supramolecular arrangement of 2 and 3. It can be concluded that in both compounds a high degree of interpenetration between adjacent layers produces a good space filling and yields an efficient lateral arrangement of the mesogenic units in the SmA structure.
Conclusions
We have described the synthesis of pillar [5] arene 2 and pillar [6] arene 3, bearing ten and twelve mesomorphic subunits, respectively. A broad enantiotropic mesophase has been evidenced for both macrocyclic compounds. The spe-cific orientation of the cyanobiphenyl moieties attached on both rims of the macrocyclic core forces the system to adopt a supramolecular organization in which each smectic layer is interdigitated with its two neighboring layers. In this way, the mesophase is stable over a broad temperature range, which explains the macrocyclic effect observed for 2 and 3 when compared with model compounds 1 or 15. Finally, it can be noted that pillar[n]arene derivatives are chiral. The present work paves the way for the preparation of optically pure derivatives with ferroelectric liquid crystalline properties. Work in this direction is underway in our laboratories.
Experimental Section
General: All reagents were used as purchased from commercial sources without further purification. Compounds 4 [14] and 13 [21] were prepared according to previously reported procedures. Evaporation and concentration were performed at water aspirator pressure and drying in vacuo at 10 -2 Torr. Column chromatography was performed with silica gel 60 (230-400 mesh, 0.040-0.063 mm) purchased from E. Merck. Thin-layer chromatography (TLC) was performed on glass sheets coated with silica gel 60 F 254 purchased from E. Merck (visualization by UV light). NMR spectra were recorded with a Bruker AC300 or AC400 with solvent peaks as reference. IR spectra were recorded with a Perkin-Elmer Spectrum One. Elemental analyses were performed by the analytical service of the ETH Zürich (Switzerland). MALDI-TOF and ESI mass spectra were recorded by the analytical service of the School of Chemistry (Strasbourg, France).
Liquid-Crystalline Properties:
Transition temperatures (peak transitions) and enthalpies were determined with a differential scanning Mettler Toledo DSC 1 STAR calorimeter, under N 2 , at a rate of 10°C/min. The instrument was calibrated against indium. Optical studies were conducted with a Zeiss-Axioscope polarizing microscope equipped with a Linkam-THMS-600 variable-temperature stage. XRD measurements were carried out at high temperatures using a Pinhole camera (Anton-Paar) operating with a point focused Ni-filtered Cu-K α beam. The sample was held in Lindemann glass capillaries (0.9 mm diameter) heated with a variable-temperature attachment. The diffraction patterns were collected on a flat photographic film mounted perpendicular to the X-ray beam.
Compound 5: BF 3 ·Et 2 O (1.63 g, 11.5 mmol) was added to a stirred solution of 4 (3.73 g, 11.5 mmol) and paraformaldehyde (1.04 g, 34.5 mmol) in 1,2-dichloroethane (200 mL) at room temperature. After 3 h, the reaction mixture was concentrated. Column chromatography (SiO 2 ; cyclohexane/CH 2 Cl 2 , 1:1) gave 5 (1.54 g, 40 %). The analytical data were identical to those reported in the literature for compound 5. [14] Compound 6: FeCl 3 (0.20 g, 1.24 mmol) was added to a stirred solution of 4 (2.00 g, 6.17 mmol) and paraformaldehyde (926 mg, 30.85 mmol) in CHCl 3 (90 mL) at 45°C. After 72 h, the reaction mixture was concentrated. Column chromatography (SiO 2 ; cyclohexane/CH 2 Cl 2 , 1:1) followed by gel permeation chromatography (Biobeads SX-1; CH 2 Cl 2 ) gave 5 (0.31 g, 15 %) and 6 (0.62 g, 30 %). 
Compound 7:
A mixture of 5 (370 mg, 0.22 mmol) and NaN 3 (172 mg, 2.64 mmol) in DMF (10 mL) was stirred for 24 h at room temperature under Ar, then H 2 O (45 mL) was added. The aqueous layer was extracted with Et 2 O (3ϫ). The combined organic layers were washed with water, dried with MgSO 4 , filtered, and concentrated. Column chromatography (SiO 2 ; CH 2 Cl 2 ) gave 7 [16] (278 mg, 97 %) as a colorless solid that was used as received in the next step. Compound 15: DCC (1.31 g, 6.36 mmol) was added to a solution of 13 (2.00 g, 4.24 mmol), 14 (640 mg, 5.09 mmol) and DPTS (1.25 g, 4.24 mmol) in anhydrous CH 2 Cl 2 (100 mL) at 0°C. After 1 h, the mixture was warmed slowly to room temperature and then stirred for 24 h at this temperature. The resulting mixture was evaporated and column chromatography (SiO 2 ; CH 2 Cl 2 ) followed by precipitation (the sample was dissolved in CH 2 Cl 2 and the resulting solution added dropwise to MeOH) and filtration gave 15 (2.23 g, 91 %) as a colorless solid. 
X-ray Crystal Structure of Compound 6:
Crystals suitable for X-ray crystal structure analysis were obtained by slow diffusion of hexane into a CHCl 3 /PhCN solution of 6. Data were collected at 173 K with a Bruker APEX-II Duo KappaCCD diffractometer (Mo-K α radiation, λ = 0.71073 Å). The structure was solved by direct methods (SHELXS-97) and refined against F 2 using the SHELXL-97 software. The non-hydrogen atoms were refined anisotropically using weighted full-matrix least-squares on F 2 . The H-atoms were included in calculated positions and treated as riding atoms using SHELXL default parameters. A semiempirical absorption correction was applied using SADABS in APEX2; transmission factors: 
